1. Introduction {#sec1-polymers-10-00619}
===============

Grass lignins have the distinct feature of containing significant amounts of p-coumaric and ferulic acids \[[@B1-polymers-10-00619],[@B2-polymers-10-00619],[@B3-polymers-10-00619]\], and acylation mainly bound to the γ-carbon of S units \[[@B2-polymers-10-00619],[@B3-polymers-10-00619],[@B4-polymers-10-00619]\]. In kenaf, sisal and abaca, 45--80% of alkyl-aryl ether-linked S units are reported to carry an acetyl group \[[@B4-polymers-10-00619]\]. During biomass fractionation, acetylation is likely to play a significant role due to the ease of acetate cleavage \[[@B5-polymers-10-00619]\]. In turn, the release of acetic acid during biorefining might impair control of the pH \[[@B5-polymers-10-00619],[@B6-polymers-10-00619]\], while providing opportunities for acetic acid recovery \[[@B6-polymers-10-00619]\]. Although acetyl groups were detected in the cell wall of *Miscanthus x giganteus*, however, after pulping with 1-butylimidazolium hydrogen sulfate, acetyl groups were not detected in the isolated lignin \[[@B7-polymers-10-00619]\]. In the case of wood pulping with dialkyl imidazolium salts such as 1-ethyl-3-methylimidazolium acetate (\[EMIm\]\[OAc\]), acetyl transfer was revealed as an important side-reaction \[[@B8-polymers-10-00619],[@B9-polymers-10-00619],[@B10-polymers-10-00619]\]. \[EMIm\]\[OAc\] swells lignocellulose effectively, eventually causing derivatization of its structural polymers \[[@B11-polymers-10-00619],[@B12-polymers-10-00619],[@B13-polymers-10-00619]\]. In particular, xylan deacetylation and lignin acetylation have been observed \[[@B10-polymers-10-00619]\]. In \[EMIm\]\[OAc\], imidazole, a degradation product of imidazolium, plays the role of acetyl transfer onto cellulose \[[@B8-polymers-10-00619]\], a side-reaction catalyzed by lignin \[[@B9-polymers-10-00619]\]. Although the source of the acetic acid is not known, acetate cleavage in lignocellulose and the presence of acetates in \[EMIm\]\[OAc\] are both potential sources of acetic acid for this side-reaction \[[@B9-polymers-10-00619]\]. When pulping a grass with \[EMIm\]\[OAc\], any native acetylation of lignin (and of heteropolysaccharides) will thus likely affect the process and resulting lignin structure.

*Typha capensis* (TC) is a prolific invasive grass native of Southern Africa, which has high resistance to drought \[[@B14-polymers-10-00619]\] and high annual productivity (57 t/ha dry matter) \[[@B15-polymers-10-00619]\]. However, its use is marginal, principally in medicinal treatments, fabrication of hand brooms and woven mats and in roofing \[[@B14-polymers-10-00619]\]. Therefore, TC has a strong potential as feedstock for bioenergy, bioproducts and bio-based chemicals without competing with food applications. In recent investigations of TC, we reported that native TC comprised of ca. 18% extractives, 39% cellulose, 19% hemicellulose and 23% lignin \[[@B16-polymers-10-00619]\]. Furthermore, it was shown that TC grass can be effectively fractionated with organosolv and \[EMIm\]\[OAc\] pulping, releasing distinct lignin residues \[[@B16-polymers-10-00619]\]. While FTIR of TC MWL revealed acetylation, acetate bands were not detected in EOL and ILL, perhaps due to method-sensitivity limits \[[@B16-polymers-10-00619]\]. Therefore, to provide a thorough view of the extent of acetylation in native TC and monitor potential acetate transfer during TC pulping, more sensitive analytical methods are required. To the best of our knowledge, the native state and fate of possible acetyl groups in TC grass during fractionation have not been reported.

A common method for determining native acetate content in lignin is modified derivatization followed by reductive cleavage (DFRC), which selectively cleaves α- and β-O-4 linked lignin acetates \[[@B17-polymers-10-00619],[@B18-polymers-10-00619],[@B19-polymers-10-00619]\]. The specificity of the method to α- and β-O-4 linked lignin acetates and method limitations associated with the use of tetracosane or 4,4-ethylidenebisphenol as internal standard (IS) do not allow a comprehensive view of total acetylation content \[[@B20-polymers-10-00619]\]. Other methods hinging on ester cleavage and quantification of the thereby released acetic acid \[[@B21-polymers-10-00619],[@B22-polymers-10-00619]\] cannot distinguish covalently bound acetate from free acetic acid \[[@B6-polymers-10-00619]\]. This is particularly problematic in procedures that involves acetylating agents to temporarily protect hydroxyl groups acetates in which the acetylating agents and their hydrolysis products may be present in adsorbed form \[[@B6-polymers-10-00619],[@B8-polymers-10-00619]\]. Thus, there remains a need for a sensitive and selective method to accurately quantify covalently bound acetates in biomass and monitor their fate during pulping. Although not widely applied, the Zemplén method recently revisited by Zweckmair et al. \[[@B6-polymers-10-00619]\], could be a valuable approach. The method entails transesterification of covalently bound acetyl groups by catalytic action of anhydrous sodium methanolate in excess of methanol to form methyl acetates, which are thereafter quantified by gas chromatography \[[@B6-polymers-10-00619]\]. Following introduction of the method to non-soluble polysaccharides by Zweckmair et al. \[[@B6-polymers-10-00619]\], the Zemplén method has been successfully applied to monitor polysaccharides' acetylation during wood pulping with 1,3-dialkylimidazolium acetate \[[@B8-polymers-10-00619]\]. To the best of our knowledge, application of this method to lignin acetylation has not been reported to date.

The aim of this study is to investigate the native acetylation state of *Typha capensis* and examine its fate during pulping with \[EMIm\]\[OAc\] and with ethanol. We further assess the value of the Zemplén transesterification method to quantify covalently bound acetates to lignin and TC biomass \[[@B6-polymers-10-00619],[@B8-polymers-10-00619]\]. Coupling the Zemplén method with FT-Raman vibrational spectroscopy, back-titration, ^1^H as well as 2D NMR, a comprehensive view of TC acetylation state and fate is provided.

2. Materials and Methods {#sec2-polymers-10-00619}
========================

2.1. Materials and Sample Preparation {#sec2dot1-polymers-10-00619}
-------------------------------------

Chemicals of analytical grade were purchased from Merck Germany and used as supplied, including maleic acid, DMSO-*d*~6~, sodium hydroxide, 1-ethyl-3-methylimidazolium acetate, anhydrous methanol, acetic acid, methyl acetate, sodium methanolate, vanillin, sulfuric acid (97%), hydrochloric acid (37%), ethanol, dichloromethane, ethyl acetate, cellulose acetate (with acetyl value of 39.3--40.3 wt %), and acetyl chloride--^13^C~2~ (99 atom % ^13^C). Beech wood was sampled from southern Germany forests. Acetylated beech wood and coconut trunk were kindly supplied by Rhodia Acetow/Accoya (Freiburg) and the University of Hamburg, Germany, respectively.

*Typha capensis* sample was uprooted, cut to ≤2 cm pieces, and sundried. The protocol edited by Hames et al. \[[@B23-polymers-10-00619]\] was used for sample preparation as previously described \[[@B16-polymers-10-00619]\]. Briefly, the cut raw TC was oven dried at 40 °C for 48 h, milled to obtain particle size ≤ 0.4 mm. The milled raw TC was sequentially and exhaustively extracted using a Soxhlet Extraction apparatus with water, ethanol and dichloromethane (DCM), refluxed for 16, 16 and 8 h, respectively, to obtain extractive free TC (TC~extr~) \[[@B23-polymers-10-00619]\], and kept until further use.

2.2. MWL Isolation {#sec2dot2-polymers-10-00619}
------------------

The procedure by Bjorkman as modified by Obst and Kirk and Rencoret et al. was used to process MWL from TC~extr~ \[[@B24-polymers-10-00619],[@B25-polymers-10-00619]\].

2.3. Ionic Liquid Mediated Lignin Extraction {#sec2dot3-polymers-10-00619}
--------------------------------------------

The procedure published by Sun et al. \[[@B26-polymers-10-00619]\] was used with slight modifications as described previously \[[@B16-polymers-10-00619]\]. Briefly, TC~extr~ was weighed in a conical flask and 1-ethyl-3-methylimidazolium acetate was added to obtain a biomass to solvent ratio of 1:20 (*w*/*w*). This was followed by reacting at 110 °C in oil bath with magnetic stirring for 16 h. At the end of the reaction, the content was cooled to room temperature using ice water. About 7.5 mL of acetone/water (1:1, *v*/*v*) per g of ionic liquid used was added and briskly stirred. The dissolved lignin in solution with the ionic liquid and acetone/water was separated from the cellulose-rich residue by filtration through Whatman filter paper number 4 using Buchner funnel under reduced pressure. The residue was washed 3 times using acetone/water solution and filtered again. All the filtrates were joined together, and acetone was evaporated either by rotary evaporator or by magnetic stirring overnight in an open beaker under the fume hood. The lignin in the liquid fraction was collected by centrifugation at 4000 rpm for 20 min. The lignin was lyophilized and then oven dried overnight at 40 °C. In order to reuse the IL, water in the liquid fraction was evaporated to recover IL under reduced pressure. A purification step was performed on the lignin by Soxhlet extraction using ethanol, ethyl acetate and n-hexane refluxed for 8 h sequentially \[[@B20-polymers-10-00619]\]. However, washing with 0.1 M HCl proved more effective in obtaining relatively pure ILL.

2.4. Sulfuric Acid Catalyzed Ethanol Organosolv Lignin Extraction {#sec2dot4-polymers-10-00619}
-----------------------------------------------------------------

The procedure by El Hage et al. \[[@B27-polymers-10-00619]\] was used with slight modification as described previously \[[@B16-polymers-10-00619]\]. Briefly, TC~extr~ was first autohydrolyzed. The dried autohydrolyzed sample was weighed and loaded into the Parr reactor and ethanol/water solution---65:35 (*v*/*v*) containing 0.5% sulfuric acid (*w*/*w*) was added to obtain a solid to liquid ratio of 1:9 and reacted at 170 °C for 1 h. This was followed by cooling and filtration using Whatman filter paper number 4 to separate liquid from solid phases. The residue was washed three times using warm (60 °C) ethanol/water (4:1 ratio, *v*/*v*) at a volume of about 2 mL per gram of pretreated sample. The filtrates were combined, and deionized water added. The mixture was cooled overnight in a refrigerator at 4 °C and centrifuged at 4000 rpm for 20 min to precipitate the ethanol organosolv lignin (EOL). The recovered EOL was further washed with deionized water and oven dried at 40 °C for about 12 h.

2.5. Raman Vibrational Spectroscopy of Native TC {#sec2dot5-polymers-10-00619}
------------------------------------------------

Information on unprocessed or native TC was obtained from a cut and dried TC sample. Raman spectrum of the sample was collected using Bruker MultiRam spectrometer with Ge diode as detector that is cooled with liquid nitrogen. A CW-Nd:YAG-laser with an exciting line of 1064 nm was applied as a source of light for the excitation of Raman scattering. Spectra were recorded over a range of 3500--400 cm^−1^ with 200 scans using spectral resolution of 3 cm^−1^ and laser power of 100 mW. The operating spectroscopy software Opus v. 7.2 (Bruker, Billerica, MA, USA) was used to acquire the data, locate peaks positions and process the spectral data.

2.6. ^1^H and 2D NMR (HSQC) {#sec2dot6-polymers-10-00619}
---------------------------

^1^H NMR was performed for the lignin isolates. 18 mg of each sample and 9 mg maleic acid as IS were dissolved in 0.6 mL DMSO-*d*~6~. The spectra were acquired on a Bruker Avance-400 NMR spectrometer, the number of scans was 32 and interscan delay time was 1 s, and \~1 s acquisition time. The aromatic and aliphatic acetates were estimated with reference to the IS according to Equation (1). $$c_{acetyl} = \frac{n_{maleic~acid}}{\frac{\int_{6.142~{ppm}}^{6.313~{ppm}}\left( {- CH} \right)_{2}}{2}} \times ~\frac{\int_{1.810~{ppm}}^{2.091~{ppm}}\left( {- CH_{3}} \right) + \int_{2.169~{ppm}}^{2.312~{ppm}}\left( {- CH_{3}} \right)}{3} \times \frac{1}{m_{sample}}~\left( \frac{mmol}{g} \right)$$ where $c_{acetyl}\left( \frac{mmol}{g} \right)$ is the content of acetyl groups in the sample, $n_{maleic~acid}\left( {mmol} \right)$ is the amount of IS and $m_{sample}\left( g \right)$ is the mass of the analyzed lignin sample. The peak area of maleic acid can be attributed to two protons and the peak areas of aromatic and aliphatic acetyl groups can be attributed to three protons.

TC whole cell wall analysis was performed on 100 mg ball milled and dried TC~extr~ samples, swollen in 0.75 mL DMSO-*d*~6~. 2D NMR HSQC data were acquired on a Bruker Avance-400 NMR spectrometer at 300 K based on the method described by Lu and Ralph \[[@B28-polymers-10-00619]\], as modified by Rencoret et al. \[[@B29-polymers-10-00619]\]. For the lignin samples, 40 mg sample was dissolved in DMSO-*d*~6~ and HSQC data acquired as described above. Data was analyzed using Bruker TopSpin 3.2 software. Volume integrals were performed to estimate C-H correlations associated with acetate using Equation (2). The G2 correlation was used as a reference in which the integral of G2 was made to be equal to 1. $$\mathsf{\%}Acetate = ~\frac{\int_{ppm}^{ppm}\left( {ia + iia + iiia\ldots na} \right)}{\int_{ppm}^{ppm}\left( {1 + 2 + 3 + \cdots n + ia + iia + \cdots.na} \right)} \times 100\mathsf{\%}$$ where *ia*, *iia*, ... *na* are integrals of correlations associated with acetyl groups, while 1, 2, ... *n* are integrals of all correlations assigned in [Table S1 (Supplementary materials)](#app1-polymers-10-00619){ref-type="app"}. Note that unknown (unassigned) correlations were not integrated.

2.7. Zemplén Transesterification Reaction for Degree of Acetylation Determination and Back-Titration Methods {#sec2dot7-polymers-10-00619}
------------------------------------------------------------------------------------------------------------

Sample preparation and GC/MS analysis were based on the procedure by Zweckmair et al. \[[@B6-polymers-10-00619]\] with slight modification. A six-point calibration was done with known concentrations of acetylsalicylic acid. The method was first optimized to ensure that the peak areas of the samples analyzed were within the range of the peak areas of the IS (^13^C~2~-labelled acetyl vanillin) such that the response factor of the IS be of the same order of magnitude as that of the compounds analyzed \[[@B30-polymers-10-00619]\]. Furthermore, based on the concentrations of acetylsalicylic acid used for the calibration curve, and for knowledge of the expected acetyl content, quantity of the samples for analysis were optimized to fit within the calibration curve limits. Stock solution 1 was prepared by dissolving 10 mg of ^13^C~2~-labelled acetyl vanillin as IS in 4 mL of anhydrous methanol. Then, between 0.150 to 2 mg of each sample was transferred into a vial. Specific ranges applied were 0.150 to 0.350 mg for cellulose acetate and ethyl acetate, 0.25 to 0.4 mg for acetylated Beech wood and about 2 mg for lignins and grass/wood biomass. 50 µL anhydrous Methanol, 100 µL standard solution (Stock 1), 1000 µL sodium methanolate (0.5 M in MeOH) were added into each sample and the vials sealed with 1.3 mm silicon/PTFE septa crimp caps and incubated at 35 °C for 20 min. GC/MS analysis was thereafter conducted on CAR/PDMS (= Carboxen/Polydimethylsiloxane (PDMS) with 85 µm film thickness from Supelco (Bellefonte, PA, USA) using column (Type: ZB-5MS, Manufacturer: Phenomenex), dimensions 30 m × 0.25 mm i.d. × 0.25 µm film thickness, programmed as follows: constant column flow---0.9 m/min; gas carrier---helium; temperature gradient profile---heated to 30 °C in 1 min, then up to 50 °C in 8 min and up to 200 °C in 10 min. Data was acquired in SIM mode selecting 74 *m*/*z* and 76 *m*/*z* for detection of methyl acetate analyte and ^13^C~2~-labelled derivative, respectively, at 120 s dwell time each, Zweckmair et al. \[[@B6-polymers-10-00619]\].

For the back-titration method, the procedure reported by Kim et al. \[[@B31-polymers-10-00619]\] was used. Briefly, all samples, except ethyl acetate, were first dried at 105 °C for 2 h and 500 mg weighed in a 250-mL round bottom flask. 40 mL of 75% ethanol was added, closed and sealed with parafilm and reacted at 60 °C for 30 min. 40 mL of 0.25 M NaOH was accurately added and further reacted at 60 °C for 15 min. The flasks were withdrawn and kept at room temperature to settle for 48 h, followed by back-titration with 0.25 M HCl using phenolphthalein as indicator. Acetyl group was calculated based on the released OH following NaOH reaction that was thereafter consumed by HCl.

The two methods were validated by running tests using cellulose acetate and ethyl acetate whose acetyl content are known. The acetyl contents of other monocotyledons and dicotyledon whose acetyl contents have been reported from literature, such as *Miscanthus x giganteus*, coconut trunk, beech wood, and acetylated beech wood were also tested to further verify the methods.

3. Results {#sec3-polymers-10-00619}
==========

3.1. Structural Analysis of Native TC by Raman Spectroscopy {#sec3dot1-polymers-10-00619}
-----------------------------------------------------------

The Raman spectrum of native TC ([Figure 1](#polymers-10-00619-f001){ref-type="fig"}) shows the presence of both carbohydrates and lignin, based on established band assignments) \[[@B32-polymers-10-00619],[@B33-polymers-10-00619],[@B34-polymers-10-00619],[@B35-polymers-10-00619],[@B36-polymers-10-00619]\], [Table S1 (Supplementary Materials)](#app1-polymers-10-00619){ref-type="app"}. The intense and broad band around 2938 cm^−1^ and broad band at 1710 cm^−1^ might stem from acetyl groups in lignin ([Table S1, Supplementary Materials](#app1-polymers-10-00619){ref-type="app"}) \[[@B32-polymers-10-00619],[@B33-polymers-10-00619],[@B34-polymers-10-00619],[@B35-polymers-10-00619],[@B36-polymers-10-00619]\], hemicelluloses, and/or from residual protein, which was present in ca 4.8% as determined by nitrogen content from elemental analysis \[[@B16-polymers-10-00619]\]. High Raman band intensities were observed for lignin aromatic skeletal vibrations at 1605 and the band at 1632 cm^−1^ that can be assigned to coniferaldehyde and sinapaldehyde \[[@B33-polymers-10-00619]\]. Contributing to the band at 1632 cm^−1^ are cinnamic acid esters, which are known to be contained in herbaceous plants \[[@B33-polymers-10-00619]\]. Duplet of band around 1605 and 1632 cm^−1^ is typical for herbaceous plants lignins that contain substantial proportion of H in addition to S and G structures.

3.2. Isolated Lignin Analysis by ^1^H NMR {#sec3dot2-polymers-10-00619}
-----------------------------------------

^1^H NMR spectra for the three lignins ([Figure 2](#polymers-10-00619-f002){ref-type="fig"}) reveal both aliphatic and aromatic acetates at 1.96 and 2.24 ppm in the spectra of the MWL, ILL and EOL lignins, \[[@B37-polymers-10-00619],[@B38-polymers-10-00619]\]. Integration of resonances allowed estimation (Equation (1), [Figure S1, Supplementary Materials](#app1-polymers-10-00619){ref-type="app"}) of the total acetyl associated units as 1.63 mmol/g for MWL, 0.76 mmol/g for ILL and 0.68 mmol/g for EOL, suggesting acetyl cleavage during ionic liquid and organosolv pulping. However, the interscan delay of 1 s used in acquiring the proton NMR data may not allow complete relaxation of the spin systems; therefore, this quantification with the proton NMR data must be taken with care.

3.3. Isolated Lignin and TC~extr~ Analysis by 2D HSQC {#sec3dot3-polymers-10-00619}
-----------------------------------------------------

The lignin isolates and TC~extr~ were further characterized by 2D HSQC ([Figure 3](#polymers-10-00619-f003){ref-type="fig"}). ^13^C and ^1^H correlations were assigned based on prior publications \[[@B2-polymers-10-00619],[@B18-polymers-10-00619],[@B29-polymers-10-00619],[@B39-polymers-10-00619],[@B40-polymers-10-00619],[@B41-polymers-10-00619],[@B42-polymers-10-00619],[@B43-polymers-10-00619]\], [Table S2 (Supplementary Materials)](#app1-polymers-10-00619){ref-type="app"}. In previous works, it has been shown that HSQC NMR is a powerful method for the characterization of the acetylated moieties in lignin \[[@B43-polymers-10-00619]\]. In the non-oxygenated aliphatic region, a useful hint is the prominent methyl in acetate peak linked to xylan moieties centered at δ~C~/δ~H~ 20.8/2.0 ppm correlations \[[@B43-polymers-10-00619]\], (region is not shown). In the aliphatic oxygenated region, the spectra exhibit correlations (\~δ~C~/δ~H~ 61.9--63.2/3.6--4.3) corresponding to the β-O-4′ linkages with acetylated γ-carbon of lignin units as previously described by del Rio et al. \[[@B2-polymers-10-00619],[@B18-polymers-10-00619]\]. The MWL further exhibit signals at δ~C~/δ~H~ 64.1/4.71 ppm due to C~γ~-H~γ~ in cinnamyl acetate end groups. The complete absence of α-acylated β-O-4′ substructures, which should appear in all the samples at correlation δC/δH 75/6.1 ppm, confirms the fact that the aliphatic lignin side chain of TC, like most herbaceous lignins, is acetylated exclusively at the gamma-carbon \[[@B2-polymers-10-00619]\].

In TC~extr~, MWL and ILL, correlations associated with polysaccharides were observed, assigned to anomeric β-[d]{.smallcaps}-glucosyl (δ~C~/δ~H~ 102.0/4.24 ppm), β-[d]{.smallcaps}-mannosyl (δ~C~/δ~H~ 98.4/4.84 ppm) and α-[d]{.smallcaps}-galactosyl (δ~C~/δ~H~ 99.4/4.45 ppm) units. Interestingly, acetate groups linked to polysaccharides were detected at δ~C~/δ~H~ 73.2/2.87 and 74.5/4.73 ppm, and assigned to C~2~-H~2~ correlations in 2-*O*-acetyl-β-[d]{.smallcaps}-xylopyranoside and C~3~-H~3~ in 3-*O*-acetyl-β-[d]{.smallcaps}-xylopyranoside, respectively. For EOL, the low concentration of sugars in the spectra suggests an extensive hydrolysis of polysaccharides under the acidic conditions used as revealed earlier by sugar analysis \[[@B16-polymers-10-00619]\].

Acetylation content of the lignin side chain and of the sugars was tentatively computed from the HSQC spectra by integration of the signals (Equation (2)). HSQC full spectra and volume integration data presented at as [Figure S2 and Table S3 (Supplementary Materials)](#app1-polymers-10-00619){ref-type="app"}. The values are % of total integrals of all the signals for each sample. Caution on interpretation of these data is necessary since incomplete signal relaxation lead to underestimation for H and *p*-coumarate (PCA) \[[@B39-polymers-10-00619],[@B44-polymers-10-00619]\]. The G~2~ correlations have been found to be the most stable signals per mg lignin \[[@B7-polymers-10-00619]\]; this was therefore used as a reference peak in the volume integration. Accordingly, the calculated acetyl values are only indicative. Taking this into account, the TC~extr~ and MWL exhibit higher acetylation degrees (13% and 28%, respectively), whereas ILL and especially EOL display lower acetylation degree (10% and 2%, respectively). The acetyl signals linked to lignin and hemicelluloses are distinct from each other in the HSQC; therefore, the portion of acetyl groups for each can be roughly estimated from their volume integration. In all samples, more than half of the total integrated volume of acetyl signals are connected to lignin, with EOL having the highest relative share (TC~extr~: \~60%, MWL: \~70%, ILL: \~60%, EOL: \~80%). Correspondingly, the MWL and ILL have the highest proportions of acetyl groups connected to xylan (TC~extr~: \~40%, MWL: \~30%, ILL: \~40%, EOL: \~20%).

3.4. Degree of Acetylation by Zemplén Transesterification Reaction and by Back-Titration Method {#sec3dot4-polymers-10-00619}
-----------------------------------------------------------------------------------------------

The absolute contents of acetyl groups as determined by Zemplén transesterification and back-titration are compared ([Table 1](#polymers-10-00619-t001){ref-type="table"}). According to both methods, the MWL presents the highest acetyl content closely followed by TC~extr~. Both methods clearly reveal lower acetyl content for EOL and ILL. In fact, by reference to the native material, more than 80% of the original acetyl groups appear to be lost during ILL and EOL processing.

4. Discussion {#sec4-polymers-10-00619}
=============

4.1. Comparison of Acetyl Group Values by Different Methods {#sec4dot1-polymers-10-00619}
-----------------------------------------------------------

Each quantitative method applied for acetyl determination resulted in similar trends in acetyl content; the MWL and native TC (TC~extr~) have the highest acetyl values whereas ILL, EOL as well as the cellulose rich residue from ionic liquid treatment have the lowest acetyl values ([Table 1](#polymers-10-00619-t001){ref-type="table"}). Gratifyingly, the acetyl content estimates from the Zemplén method strongly correlates to that measured with titration methods (R^2^ = 0.98). In addition, when one pools data from all grass-derived biomasses on the one hand and all commercial reference samples on the other hand, distinct linear trends are found (R^2^ = 0.97 and 0.99, respectively) ([Figure 4](#polymers-10-00619-f004){ref-type="fig"}). Overall, these correlations confirm the value of the Zemplén method as a relative measure of acetyl content within a given type of biomass. Differences in correlation might stem from differences in molecular weights, chemical structure, and overall solubility of the materials.

For example, with all methods, the EOL had significantly lower value compared to ILL. However, our data from Zemplén show that EOL and ILL is almost equal. Checking the solubility ([Plate S1, Supplementary Materials](#app1-polymers-10-00619){ref-type="app"}), EOL looks more dissolved. This suggests that almost all the bound acetyl group was released in EOL, while in the ILL and MWL that are not fully dissolved, the acetyl groups may not have been released completely. Although Zweckmair et al. \[[@B6-polymers-10-00619]\] proposed that the solubility of the sample does not affect the outcome for cellulose, our experience suggests it might when comparing different substrates. This is subject to further study. On the other hand, back-titration methods likely overestimate acetyl content in chemically modified biomass especially, since residual adsorbed acetic acid present after chemical modification cannot be deciphered with the back-titration approach (Zweckmair et al.) \[[@B6-polymers-10-00619]\]. Overall, the Zemplén method for acetyl content determination of lignocellulosics is thus confirmed as a valid and sensitive technique, allowing to determine covalently bound acetate in biomass. The small sample requirement by the Zemplén method could be an advantage, especially where sample limitation is an issue.

4.2. Acetyl Groups in TC~extr~ and MWL {#sec4dot2-polymers-10-00619}
--------------------------------------

The acetyl values detected for TC~extr~ are clearly higher compared to wood where acetyl contents in the range of 1 to 5 wt % were detected \[[@B45-polymers-10-00619],[@B46-polymers-10-00619],[@B47-polymers-10-00619]\]. Additionally, acetyl values up to 4.8 wt % were determined for various monocotyledons using different analytical methods \[[@B48-polymers-10-00619],[@B49-polymers-10-00619],[@B50-polymers-10-00619],[@B51-polymers-10-00619],[@B52-polymers-10-00619],[@B53-polymers-10-00619],[@B54-polymers-10-00619],[@B55-polymers-10-00619],[@B56-polymers-10-00619],[@B57-polymers-10-00619],[@B58-polymers-10-00619],[@B59-polymers-10-00619],[@B60-polymers-10-00619],[@B61-polymers-10-00619]\]. The highest acetyl values for monocotyledons found in literature were 6.2--7.0 wt % for oil palm trunk fractions determined by solid-state ^13^C NMR \[[@B62-polymers-10-00619]\]. Values of the validation data conducted in this study for Beech wood, *Miscanthus x giganteus* and Coconut trunk conform to values reported from literature. The absolute value of 11 wt % that is representative of the total acetyl content in TC grass by back-titration ([Table 1](#polymers-10-00619-t001){ref-type="table"}) reveals that TC~extr~ exhibits higher acetyl content in comparison to the values for other lignocelluloses reported earlier based on our thorough literature research \[[@B45-polymers-10-00619],[@B46-polymers-10-00619],[@B47-polymers-10-00619],[@B48-polymers-10-00619],[@B49-polymers-10-00619],[@B50-polymers-10-00619],[@B51-polymers-10-00619],[@B52-polymers-10-00619],[@B53-polymers-10-00619],[@B54-polymers-10-00619],[@B55-polymers-10-00619],[@B56-polymers-10-00619],[@B57-polymers-10-00619],[@B58-polymers-10-00619],[@B59-polymers-10-00619],[@B60-polymers-10-00619],[@B61-polymers-10-00619],[@B62-polymers-10-00619],[@B63-polymers-10-00619],[@B64-polymers-10-00619]\].

With 11 wt % by back-titration method and 8 wt % by Zemplén, the acetyl values for *Typha capensis* MWL are also in a high range. In an earlier study, 0.82 mmol/g lignin was obtained from Kenaf MWL, corresponding to 9 wt % acetyl in the detected G and S units yielded by the applied modified DFRC method \[[@B4-polymers-10-00619]\]. As the DFRC method only comprises lignin units connected by ether bonds, the values aren't necessarily representative of the whole lignin.

4.3. Changes during EOL Pulping {#sec4dot3-polymers-10-00619}
-------------------------------

The EOL was generally observed to have the lowest acetyl content compared to the MWL and the ILL ([Table 1](#polymers-10-00619-t001){ref-type="table"}). In the HSQC, the absence of acetyl group related correlations associated with β-[d]{.smallcaps}-xylopyranoside in the EOL reflects the removal of hemicellulose by organosolv treatment. Acetate in the EOL is predominantly on lignin because the hemicelluloses have been hydrolyzed \[[@B27-polymers-10-00619]\]. The fact that a part of the acetyl groups was not cleaved during the EOL production is not uncommon. After steaming of birch wood and wheat straw, acetyl contents of 7.8 wt % and 3.0 wt %, respectively, were detected on xylan precipitated from the liquid fraction \[[@B65-polymers-10-00619]\]. Compared to examples from literature on alkali-extracted and kraft pulping \[[@B65-polymers-10-00619],[@B66-polymers-10-00619]\], the low detected acetyl content of EOL suggests that most of the acetyl groups present in TCextr have been removed during the organosolv treatment.

4.4. Changes during \[EMIm\]\[OAc\] Pulping {#sec4dot4-polymers-10-00619}
-------------------------------------------

Acetyl values of the *Typha capensis* ILL are consistently slightly higher compared to the EOL but clearly lower compared to the MWL ([Table 1](#polymers-10-00619-t001){ref-type="table"}), indicating that there were losses of acetyl groups during ionic liquid treatment. Based on a two-stage sulfuric acid hydrolysis and sugar analysis of the hydrolysate that followed using high performance anion-exchange chromatography with pulsed amperometric detection (HPAE-PAD), the residue from \[EMIm\]\[OAc\] liquid treatment consists mainly of cellulose (70 wt % glucan, 10 wt % xylose and 14 wt % lignin). Analysis of this cellulose-rich residue from \[EMIm\]\[OAc\] treatment results in acetyl value of 3 wt % (back-titration). This might arise from the inherent xylan and/or lignin composition of the residue or from an acetylation reaction occurring during pulping as previously observed with \[EMIm\]\[OAc\] treatment and its thermal degradation product 1-acetylimidazol \[[@B8-polymers-10-00619],[@B9-polymers-10-00619]\]. It appears that some of the native TC acetyl groups, value (2.53 ± 0.06 mmol/g), have partitioned between lignin (0.51 ± 0.01 mmol/g), cellulose rich pulp (0.7 ± 0.02 mmol/g) and other fractions cleaved during the process. In TC~extr~ and ILL, the acetate signals connected to lignin and hemicellulose moieties obtained by integrated volume of acetyl signals of the HSQC method shows similar signal distribution---\~60% connected to lignin and \~40% connected to hemicellulose moieties. A previous study \[[@B16-polymers-10-00619]\] showed that TC~extr~ and ILL are composed of 27 wt % and 7 wt % of non-cellulosic sugars, respectively. Even though HSQC values are indicative, this suggests that ILL has more acetyl groups per sugar unit in comparison to TC~extr~. Apparently, the hemicellulose part of ILL in comparison to TC~extr~ is enriched in acetyl groups, either by acetylation of hemicelluloses and/or privileged conservation of acetylated hemicellulose fractions during \[EMIm\]\[OAc\] treatment. The observation that cellulose rich residue has been acetylated during \[EMIm\]\[OAc\] treatment, together with the previously observed cellulose acetylation by this ionic liquid \[[@B8-polymers-10-00619],[@B9-polymers-10-00619]\] suggests rather additional acetylation than preferential conservation of acetylated hemicellulose fraction during ionic liquid treatment of *Typha capensis*. Based on these findings, it is likely that during \[EMIm\]\[OAc\] treatment, part of the acetyl groups in *Typha capensis* was relocated from lignin to cellulose and hemicelluloses, while another part of lignin acetyl groups was released during ionic liquid treatment.

5. Conclusions {#sec5-polymers-10-00619}
==============

To the best of our knowledge, the Zemplén transesterification method is demonstrated for the first time to accurately monitor the fate of lignocellulose acetyl groups during pulping. The Zemplén method correlates well with the back-titration method and also reveals similar trends than those hinted by NMR and Raman spectroscopies. The Zemplén method is advantageous due to its high sensitivity and small sample requirement. While the back-titration method quantifies total acetyl content in TC grass, the Zemplén method discriminates for covalently bound acetyl groups and is therefore particularly sensitive for grasses and their pulping products. TC exhibits higher acetyl content than other lignocellulosic materials reported in literature. The HSQC further indicated that the acetyl groups are linked on both lignin and hemicelluloses moieties with acetate in lignin exclusively connected through the γ-side chain. Organosolv and \[EMim\]\[OAc\] pulping remove the majority of acetyl groups in lignin compared to MWL. Several dynamics occurred during \[EMIm\]\[OAc\] treatment in which deacetylation and translocation of acetate from lignin to hemicelluloses moieties as well as to a cellulose-rich residue were observed.
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![Raman spectrum of native *Typha capensis*.](polymers-10-00619-g001){#polymers-10-00619-f001}
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^1^H NMR spectra of lignin isolates (MWL, ILL and EOL) revealing acetate of varying intensity.
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###### 

HSQC Spectra showing side chain and aromatic/unsaturated regions for TC~extr~ and TC lignin isolates (MWL, ILL and MWL), assignment in [Table S2 (Supplementary Materials)](#app1-polymers-10-00619){ref-type="app"}. Key: Symbols for acetylated units are in green highlight; β-O-4 alkyl-aryl ethers, including C~γ~-H~γ~ in γ-acetylated β-O-4′ substructures (**A**); Resinols (**B**); Phenylcoumarans (**C**); Spirodienone (**D**); Cinnamyl alcohol end groups, include C~γ~-H~γ~ in cinnamyl acetate end groups (J); *p*-coumaric and ferulic acids (P&F); β-[d]{.smallcaps}-Mannosyl (mannose residues) (β-D~m~); α-[d]{.smallcaps}-Galactosyl (galactose residues) (α-D~ga~); β-[d]{.smallcaps}-Glucosyl (Glucose residues) (β-D); C2−H2 in 2-O-acetyl-β-[d]{.smallcaps}-xylopyranoside (X2); C3−H3 in β-[d]{.smallcaps}-xylopyranoside (X3); C4−H4 in β-[d]{.smallcaps}-xylopyranoside (X4); Unknown (U).
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![Corrrelations between acetyl contents measured by Zemplén and back titration methods validating the accuracy and sensitivity of the Zemplén method for acetate analysis in lignocellulosics.](polymers-10-00619-g004){#polymers-10-00619-f004}
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###### 

Acetyl group contents of *Typha capensis* based samples and some reference samples determined by Zemplén transesterification reaction in comparison with back-titration values.

  Acetyl Content                                                       
  -------------------------- -------------- ----------- -------------- -----------
  *Typha capensis* samples                                             
  TC~extr~                   1.43 ± 0.02    6 ± 0.08    2.53 ± 0.05    11 ± 0.23
  IL~crr~ ^a^                -- ^b^         -- ^b^      0.70 ± 0.02    3 ± 0.08
  MWL                        1.79 ± 0.07    8 ± 0.28    2.64 ± 0.07    11 ± 0.30
  ILL                        0.24 ± 0.04    1 ± 0.15    0.51 ± 0.01    2 ± 0.05
  EOL                        0.23 ± 0.04    1 ± 0.18    0.18 ± 0.01    1 ± 0.01
  Reference samples                                                    
  Cellulose acetate          10.57 ± 0.54   45 ± 2.33   9.77 ± 0.02    42 ± 0.08
  Ethyl acetate              11.04 ± 0.18   48 ± 0.76   10.94 ± 0.08   47 ± 0.36
  Beech wood                 1.15 ± 0.04    5 ± 0.17    1.47 ± 0.05    6 ± 0.22
  Beech wood acetylated      6.45 ± 0.05    28 ± 0.21   5.47 ± 0.03    24 ± 0.14
  *Miscanthus x giganteus*   0.97 ± 0.01    4 ± 0.05    1.61 ± 0.08    7 ± 0.36
  Coconut trunk              1.01 ± 0.07    4 ± 0.28    1.69 ± 0.04    7 ± 0.15

^a^ Cellulose rich residue from \[EMIm\]\[OAc\] treatment; ^b^ not determined by this method because there was no sample left.
